Abstract-A novel fully textile-integrated antenna based on a slotted short-circuited microstrip line has been designed, manufactured, and experimentally validated for its use in automobile upholsteries for dedicated short-range communications. The antenna can be manufactured using an industrial loom and a laser prototyping machine, avoiding subsequent treatments, sewing procedures, or coatings. The manufactured antenna presents a central working frequency of 5.9 GHz and a 9.3% bandwidth. Good agreement between simulations and measurements has been achieved.
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I. INTRODUCTION

D
URING the last few years, there has been an increasing interest in flexible circuits, specially antennas, based on textile technology, thanks to the possibility of integrating them in special garments and automobile upholsteries or developing comfortable structures for biomedical applications. In the literature, a variety of solutions to develop textileintegrated circuits (TICs) has been proposed. Embroidered techniques [1] - [5] , nonwoven solutions [6] - [8] , designs based on using several fabrics with different electromagnetic behaviors [9] - [11] , or inkjet-printed patterns over textile substrates [12] - [15] are some of the most cited solutions. More recently, there has been an increasing interest in the development of TIC based on substrate integrated waveguide technology [16] , [17] .
The aforementioned techniques used for the development of TIC, which have been described in [18] , are conceived as a posttreatment of existing fabrics by the use of different techniques, such as adhesives, coatings, or sewing procedures. These techniques cannot be performed in the fabric manufacture process, leading to a circuit which is not fully integrated into the textile. For these reasons, the above-mentioned solutions for developing TIC are not the best options for largescale production with the existing industrial textile machinery, such as conventional looms with a dobby or jacquard weaving mechanism.
With the aim of pushing textile components to microwave frequencies, a technique based on the weaving technology, which has already been discussed in [18] , is applied to the development of a microwave fully integrated slotted microstrip antenna, for dedicated short-range communications (DSRCs). This technique enables the integration of the final textile components in the fabric manufacturing process, without requiring subsequent treatments, making it suitable for large-scale production. A microstrip geometry has been chosen, which can be translated into a fully woven prototype; consequently, other types of antennas based on certain geometries, such as circular-shaped patches or coplanar-waveguide fed antennas, have been dismissed.
A methodology to design and simulate TIC working in a range of frequencies in which the dimensions of the involved threads are comparable with the wavelength has been used in this paper. This methodology, which is based on a three-step parametric modeling, reduces the computational complexity of the initial problem by defining several electromagnetically equivalent simpler problems and has already been thoroughly discussed in [19] . This paper is organized as follows. In Section II, the modeling technique used to simplify the simulations will be described. In Section III, the employed materials will be characterized. In Section IV, the design of the woven antenna will be presented. In Section V, the fabrication process of the manufactured antenna will be explained. In Section VI, experimental validation will be presented and discussed.
II. DESCRIPTION OF THE MODELING TECHNIQUE
A textile structure can be divided into its composing threads, the warp threads, and the weft threads, which are perpendicular to each other. The warp direction coincides with the length of the fabric, whereas the weft direction coincides with the width of the fabric and, consequently, with the width of the loom.
In addition, each of the threads is composed of a number of individual filaments, whose material properties are known. Therefore, the electromagnetic simulation of a microwave TIC constitutes a complex computational problem, due to the highdensity mesh required to accurately model the multifilament structure. For this reason, a modeling based on the three steps defined in Fig. 1 and described in [19] has been applied to develop a fully textile-integrated microstrip-fed slot antenna.
III. CHARACTERIZATION OF THE EMPLOYED MATERIALS
Different materials have been employed for the design of the antenna. In this section, they are characterized using the modeling procedure referenced in Section II. The design of the antenna will then be explained in detail in Section IV.
A. Characterization of the Electrically Conductive Materials
Electrically conductive Shieldex 117f17 2-ply yarns with a resistance of 3.9 /cm have been used for the weft threads. The ply number means the number of initial threads that are twisted around one another to create a single and stronger thread. These threads consist of two plies, and each ply is formed by 17 filaments and weighs 117 dtex. These threads adopt Pierce's elliptic cross section when they are in the woven structure. A single conductive Shieldex 117f17 1-ply warp yarn has also been used for the design of the antenna with a resistance of 7.8 /cm. This thread has been modeled keeping the circular-shaped cross section. The cross-sectional approaches and corresponding dimensions of the different conductive threads are summarized in Table I , where the threads Shieldex 117f17 2-ply and Shieldex 117f17 1-ply have been denoted as Shx2p and Shx1p, respectively, for simplification.
Shieldex yarns are silver plated nonconductive threads, which are manufactured from polyamide plastic (nylon). First, the nylon yarns are knitted into a fabric and plated with pure silver by an electrolysis process, and then, the fabric is deknitted. Consequently, it can be guaranteed that every yarn is completely plated with T c = 0.5 μm of silver.
Conductive Shx2p yarns are composed of two plies of 17 filaments, respectively, leading to N fils = 34 filaments, and each filament has a diameter of D f = 31 μm, as shown in Fig. 2 . As the diameter of each filament is D f and the thickness of the coating is T c , the diameter of the polyamide plastic core of each filament is D f − T c = 30.5 μm, as shown in Fig. 3(a) . The total surface of conductive coating in the 34 filaments cross section can be calculated using (1) and denoted by S c2
The total surface of conductive coating S c2 can be translated into an equivalent conductive ring whose thickness is given by T R2 , as shown in Fig. 3 (a). It is calculated using (2), where R HS and R VS are the horizontal and vertical semiaxes of the Shx2p cross section, respectively, as summarized in Table I . The value of T R has been found to be 1.3497 μm
From the expression in (3), where δ Sd is the skin effect depth, ρ Silver = 1.59 × 10 −8 ( m) is the silver resistivity, f is the operating frequency, and μ is the electrically permeability, the skin effect depth can be calculated as δ Sd = 0.8252 μm. Due to the fact that the skin effect depth is smaller than the thickness of the equivalent silver coating T R2 , the coated threads can be approximated by completely conductive threads
The same procedure has been used for the Shx1p thread, which is composed of one ply, therefore, N fils = 17 threads, leading to another equivalent ring whose thickness is given by T R1 = 7.4440 μm. Consequently, the Shx1p thread can also be approximated by a completely conductive thread.
According to the procedure referenced in Section II, the conductivities of the monofilaments are σ Shx2p = 2.72 × 10 5 S/m and σ Shx1p = 2.61 × 10 6 S/m, respectively. Then, according to the same procedure and the design of the woven patterns which will be described in Section IV, the equivalent conductivity is given by σ eq = 4.8 × 10 3 S/m. This low value of σ eq is due to the fact that, in the woven design, there are not conductive threads in the warp direction to form the ground plane. 
B. Characterization of the Dielectric Materials
For the dielectric parts of the antenna, three different types of threads have been used. For the weft threads, black polyethylene-terephthalate (commonly known as PET or polyester) 1670 dtex and uncoated PET 1530 dtex have been used. For the warp threads, high-tenacity polyethersulfone (commonly known as PES) 550 dtex has been used. The characteristic parameters of the used materials are summarized in Table II [21] , [22] .
For the PES warp yarns (denoted by PES warp ), the circular cross section has been kept due to their high tenacity. For the uncoated or white PET weft threads (denoted by PET weft_w ), Pierce's elliptic cross section has been used, whereas for the black PET weft yarns (denoted by PET weft_b ), the circular cross section has been kept due to their rigidity. The dimensions of the cross section of each type of dielectric thread used in the proposed antenna are indicated in Table III. According to the procedure referenced in Section II, the proportion of air in the multifilaments can be calculated, as summarized in Table IV. According to the same procedure, the design of the woven structure is required. Due to the fact that the cross section of PET weft_b is much bigger than the others, the weft threads will remain straight, whereas the warp threads will conform the woven structure around the weft threads. As PET weft_b yarns are much thicker than the other dielectric threads, the variation in the size of the air gaps between the threads mainly depends on the epi parameter associated with PET weft_b yarns. This epi parameter is equal to 24 ends/in, or, equivalently, there is a 1.1 mm distance between the centers of PET weft_b yarns. Although the monofilament model (MM) represents an anisotropic structure, this woven density leads to a scalar equivalent relative permittivity of the structure of ε eq = 1.1. This is due to the single polarization of the antenna and the fact that the current is mostly in the same direction as the propagation direction of the waveguide used in the modeling.
IV. DESIGN OF THE ANTENNA
A. Description of the Antenna
A fully textile-integrated microstrip-fed slot antenna using rigid weft threads is proposed to work at 5.9 GHz. The antenna is based on a microstrip line with a shorted port. The ground plane contains the radiating slot whose center is placed at a distance d p = 16.2 mm from the short circuit in order to constructively add the incident and reflected waves in the microstrip line, leading to a maximum of the magnitude of the electrical field in this position, as shown in Fig. 4(a) . The antenna is composed of three different layers, as shown in Fig. 4(b) .
The dimensions of the antenna are the width W a = 50 mm, the length L a = 50 mm, the substrate height H ML = 0.97 mm (which is imposed by the employed dielectric threads), and the width of the microstrip line W ML = 3.5 mm (which is essentially calculated from the values of H ML and ε eq ). The radiating slot has been optimized for bandwidth enhancement compared with a rectangular-shaped slot. Its dimensions are represented in the magnification of Fig. 4(a) and detailed in Table V .
B. Translation Into a Woven Prototype
The ground plane layer is composed of conductive threads in the weft direction (Shx2p) and dielectric threads in the warp direction (PES warp ). The substrate layer is composed of dielectric threads in both directions (PET weft_w and PES warp ), and the microstrip line layer is composed of conductive weft threads (Shx2p), dielectric weft threads (PET weft_w ), and dielectric warp threads (PES warp ). A single conductive warp thread (Shx1p) has been used to connect the ground plane layer with the microstrip line layer to achieve the short circuit. Due to the fact that all the weft threads in the design have Pierce's cross section or circular-shaped cross section, these sections have been modeled as ellipses (or turned into circumferences). As the weft threads, aligned in the propagation direction, have been found to be rigid threads, different warp patterns have been designed to create the microstrip antenna structure while connecting the different layers of the prototype. For this reason, the paths of the warp threads have been found to be mathematically modeled as ellipse arcs and tangent lines. The proposed woven structure for the MM is shown in detail in Fig. 5 . A side-view magnification of the proposed antenna design, as seen from the port plane, is shown in Fig. 5(a) , where the weft ends and the warp threads are represented. Fig. 5(b) shows the bottom view and a magnification, where the microstrip line can be seen.
C. Simulated Results
The proposed design has been analyzed using a 3-D high-frequency electromagnetic simulator with a Transient Solver. Fig. 6 shows the simulated magnitude of the reflection coefficient (dB) and bandwidth (shaded) of the layers model. Fig. 7 shows the definition of the E-plane and the H-plane of the proposed antenna, whereas Fig. 8 represents the simulated normalized radiation patterns: E-plane and H-plane copolar contributions.
The simulated values of the gain, directivity, and radiation efficiency are G S = −1.5 dB, D S = 5.1 dB, and ε eff_S = 22%, respectively. The negative value of the simulated gain is, essentially, due to the low value of the equivalent conductivity σ eq .
V. FABRICATION PROCESS
A fully textile-integrated antenna has been manufactured, as shown in Fig. 9 , using two processes. First, an industrial loom has been used to fabricate the textile structure, and second, a prototyping laser machine has been used to create the radiating slot. Finally, an SMA connector is mounted on the woven antenna. 
A. Textile Short-Circuited Microstrip Line Fabrication
An industrial MüGrip loom with a maximum density of 107 epi has been used for the manufacturing of the textile structure. First, the three layers of warp threads are assembled in the loom, except in the position corresponding to the short circuit, where only one conductive thread is required to connect all the layers. Then, the weft yarns are successively inserted in the woven structure during the fabrication process. A finishing process is needed after removing the fabric from the loom in order to achieve the requirements, by the use of a stenter machine. Fig. 9(a) shows the top view of the antenna (slotted ground plane layer), whereas Fig. 9(b) represents the bottom view of the antenna (microstrip line layer). In Fig. 9(c) , a side view from the port plane is shown, where the three layers of the prototype can be seen. Fig. 9(d) shows a detailed view of the microstrip line and the conductive thread implementing the short circuit.
B. Radiating Slot Fabrication
A laser prototyping machine LPKF ProtoLaser has been used to structure the radiating slot in the ground plane layer of the prototype. The power level has been adjusted to structure only the ground plane layer of the antenna, avoiding the modification of the middle layer. Fig. 10(a) represents the laser patterned slot, together with a magnification of the cut. Fig. 10(b) shows the radiating slot after removing the leftover textile material. Only the ground plane layer of the prototype has been cut even though the three layers remain connected through yarns.
C. Connectorization of the Antenna
An SMA connector has been installed in the woven prototype. Two shims of brass have been cut to size and placed on the top of the microstrip line and under the ground plane, in order to provide the fabric with the necessary rigidity to install the connector, as shown in Fig. 9(e) and (f) . The connector has been secured to the brass shims using conductive epoxy glue.
VI. EXPERIMENTAL VALIDATION
In order to experimentally validate the prototype, the reflection coefficient has been measured using an Agilent N5247A PNA-X vector network analyzer and compared with the simulations, as shown in Fig. 11 . The measured bandwidth has been found to be equal to 9.3%.
The prototype has been measured at the spherical range in the anechoic chamber of the University of Oviedo to characterize its radiation pattern, directivity, gain, and radiation efficiency. Measurements have been conducted at the frequency f o = 5.9 GHz, which corresponds to the |S 11 | minimum (as observed in Fig. 11) .
The radiation pattern of the textile antenna under test (AUT) has been measured at the distance of R = 5.4 m, which is in the far-field region. A picture of the measurement setup at the spherical range in the anechoic chamber is shown in Fig. 12 , where the AUT has been mounted in a foam platform and the probe antenna is a Narda 642 Standard Gain Horn [23] . The E-plane and H-plane normalized radiation patterns of the AUT have been measured and compared with the simulated data, as shown in Figs. 13 and 14 , respectively. Good agreement between simulated and measured copolar components can be noticed (cross-polar component is below −40 dB in simulations).
Directivity has been calculated by integrating the measured AUT radiation pattern, yielding D M = 4.9 dB, which is in agreement with the low directivity of the AUT radiation pattern (as confirmed by the directive gain pattern shown in Fig. 15 ). This result is of great interest for automotive DSRC antennas, where antennas with low directivity are preferred [24] , [25] .
AUT gain has been evaluated by means of the wellknown intercomparison technique [26] , resulting in G M = −2.75 dB. Finally, given the AUT gain and directivity, the AUT radiation efficiency can be calculated: ε eff_M = 100 × 10 (G M −D M )/10 = 17.2%. A comparison between the simulated and measured values of the gain, directivity, and radiation efficiency is shown in Table VI . The low values of both gains can be justified due to the ohmic losses of the textile antenna conductive fibers. Moreover, the difference between the simulated and measured gain values can be justified due to manufacturing errors in the connection between the textile antenna and the RF connector and the silver-plated coating deterioration due to the wear out, which could be solved by the use of noncoated stainless steel threads instead.
A comparison between different microstrip textile antennas found in the literature has been summarized in Table VII in terms of operating frequency f, bandwidth BW, gain G, directivity D, and radiation efficiency ε eff . In case a parameter has not been provided in the corresponding paper, non-provided (NP) has been indicated instead. The antennas described in [12] , [27] , and [28] present higher radiation efficiencies, due to different reasons. First, their operating frequencies are lower; consequently, the losses are also lower, leading to higher efficiencies. Moreover, the different techniques used to provide the textile antennas with the conductive elements, inkjet-printing, copper patches, and copper-plated nylon fabrics, respectively, do not allow a fully textile integration while avoiding subsequent posttreatments.
The antennas described in [29] and [30] present higher gains, although information regarding the radiation efficiency is not provided for comparison. The antennas presented in [31] and [32] provide information regarding their radiation efficiencies and are comparable with radiation efficiency achieved in this paper, although the conductive elements of the mentioned antennas are achieved by the use of copper patches and silver-coated nylon fabric, respectively, leading to less textileintegrated prototypes.
VII. CONCLUSION
A novel fully textile-integrated microstrip-fed slot antenna for its use in DSRC for automobile upholsteries has been presented. First, a complete characterization of the used materials has been presented. Then, a parametric modeling technique to simulate textile structures based on the reduction of the computational complexity of the problem has been discussed. To validate the modeling technique, a prototype has been manufactured and experimentally characterized. Good agreement between simulations and measurements has been achieved, consequently the theoretically predicted behavior of the textile structure. Nevertheless, in order to improve the measured gain of the antenna, it is proposed to use conductive threads with a lower resistance and to use an electrically conductive epoxy with higher conductivity.
The manufactured prototype reveals the potential of the woven technology applied to microstrip designs working at microwave frequencies, opening a new field of research. This prototype represents a first step in TIC technology and demonstrates the possibility of fully integration of antennas in woven structures.
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